This study was designed to compare changes in strength after spinal cord injury (SCI) with the use of a hand held myometer to the manual muscle test (MMT). Eighty-eight C4-C8 Frankel A-D tetraplegic subjects were tested at various times up to 2 years post-SCI. Elbow flexor strength on successive examinations were grouped according to their early and later MMT scores (3.5 with no change in MMT, 3.5 to 4.0, and 3.5 to 4.5; 4.0 with no change in MMT, 4.0 to 4.5, and 4.0 to 5.0; 4.5 with no change in MMT, and 4.5 to 5.0). For each group, later myometric measurements (MYO) were expressed as percents of their earlier MYO and were anlayzed using paired Students t-tests. Later MYO were 116, 205, 232% (P>0.05, P<0.002, P<0.05) of their earlier MYO for groups 3.5 with no change in the MMT, 3.5 to 4.0, and 3.5 to 4.5 respectively. Later MYO were 140, 139, 191 % (P<0.05, P<0.02, P<O.OOOl) of their earlier MYO for groups 4.0 with no change in MMT, 4.0 to 4.5, and 4.0 to 5.0 respectively. Later MYO were 127 and 126% (P<O.OI, P<0.02) of their earlier MYO for groups 4.5 with no change in MMT and 4.5 to 5.0 respectively. In conclusion the hand held myometer detected changes in muscle strength not detected by the MMT.
Introduction
Muscle strength assessment is a part of the physical examination of spinal cord injured subjects. Accurate assessment of muscle strength can aid in diagnosis, in detection of improvement or deterioration of the neurological status, and in planning rehabilitation. I The American Spinal Injury Association (ASIA) recommends assessment of muscle strength with the manual muscle test (MMT). 2 The MMT is the most widely used clinical method of strength assessment. It grades strength according to the ability of a muscle to act against 9ravity or against resistance offered by an examiner. 3 -In studying spinal cord injured tetraplegic subjects, Schwartz et al demonstrated that while MMT scores leveled off with time post-spinal cord injury, myometric measurements (MYO) rose. s The explana tion being that in order to receive a grade of 3.0 by the MMT method, only a small fraction of the motor neurons need to be functional while MMT strength grades above a 3.0 require activation of the majority of the remaining neurons. 9 Quantifying the spectrum of strength into muscle grades subjectively is a relatively insensitive way to measure changes in strength. Beasley found this to be true when he demonstrated that physical therapists using MMT were unable to identify up to 50% of loss of knee extensor muscle strength in Correspondence: Gerald J Herbison subjects with poliomyelitis. 1O The purpose of the present study was to compare changes in strength with the use of the MMT to changes in strength with the use of a hand held myometer.
Methods
Subjects eligible for admission to this study were admitted to the Regional Spinal Cord Injury Center of the Delaware Valley (RSCICDV) between 1988 and 1993. To be selected for this study, subjects had to have been admitted within 72 h of injury, had at least two examinations with a hand held myometer and had a minimum 3.5 MMT score for elbow flexors on at least one side. Subjects with manual muscle test scores of 3.0 or lower were not selected for this study because testing elbow flexors with a hand held myometer is not possible for this range of strength unless the extremity is placed in the gravity eliminated position. To maintain consistency, we did not place the arm in the gravity eliminated position to myometrically test muscles with less than 3.5 muscle grades. Subjects had injuries at C4-C8 neurological levels, with Frankel grades A through D. Il The subjects were medically stable with no illness, no extremity fractures, and no motivational problems which might preclude accurate measurements. Eighty-eight subjects satisfied these selection criteria, 78 males and 10 females, between ages 15 -68 years with an average age of 34 years.
Subjects who participated in this project were advised of the nature of this study and gave their consent to be studied.
Trained personnel performed the MMT and MYO on each subject. Manual muscle testing was performed by six attending physicians, and three technicians. Everyone had intensive training in performing the MMT when he/she came on the staff of the RSCICDV and two or three times every year thereafter. The three technicians who performed the myometer testing were trained at the outset of the study and three times a year thereafter. We determined 12 the interrater reliability for the manual muscle and myometer testing was 0.94 and 0.82 respectively. Data collection times post-SCI were determined to be 72 h; 1, 2, 3 weeks; and 1, 2, 3, 6, 12, 18 and 24 months post spinal cord injury. Neurological levels as well as impairments were assessed accordin-f to American Spinal Injury Association standards. L The ASIA assigned a neural segment between cs T! to each of five muscle groups in the upper extremity. 13 The elbow flexors used in this study corresponded to the CS neural segment. The scale we used for manual muscle strength testing was a 10 grade scale, modified from Brunnstrom and Dennen, 14 and graded as follows: 0 = no muscle contraction; 1.0 = trace muscle contraction; 1.S = muscle can per form partial range of motion with gravity eliminated; 2.0 = muscle can perform full range of motion with gravity eliminated; 2.S = muscle can perform full range of motion with gravity eliminated and provides a slight resistance; 3.0 = muscle can perform full range of motion against gravity; 3.S = muscle can perform full range of motion and provides a slight resistance; 4.0 = the muscle provides considerable resistance; 4.S = the muscle provides considerable resistance but not quite normal; S.O = normal muscular strength. 14 We selected the elbow flexors (CS) for strength assessment in this study because of the large numbers of subjects for whom we had data. The elbow flexors of only one arm were tested in each subject.
The myometric measurements (MYO) were taken with a Penny and Giles (Penny and Giles Transducers Ltd. Dorset, England) hand held myometer with a capacity to measure up to 30 kg. This technique, of measuring stren9th, was described by Scott, Goddard and Dubowitz. 5 We have elected to use their Table 1 Groups designation of strength, as measured in kg, rather than the Systeme International (SI) which defines force in terms of newtons. One newton (N) is the force to impart acceleration of 1 m per second squared to a mass of 1 kg. Since elbow flexors were tested isometrically, acceleration was zero. For this reason we have reported strength, measured with the myometer, in kg as reported by Scott and associ ates. IS The strength of either the right or left elbow flexors were measured with this instrument in each subject. Each subject was asked to perform three trials of one to two second maximal contractions with the humerus positioned alongside the body and the elbow flexed 90 degrees. The maximum of the three trials was recorded for the statistical analyses. The myometer was placed on the volar surface of the wrist at the level of the radial styloid and perpendicular to the supinated forearm throughout the test. 8 Throughout the paper MYO will be used to identify both the singular (myometric measurement) and the plural (myometric measurements).
Manual muscle and myometric testing of strength were not assessed at the same post-SCI time on every subject. Because of this discrepancy, only test times when both MYO and MMT were determined on the same day were included in the analyses. For example, in some subjects ! week MMT and MYO were determined. Thereafter, the 2 week MMT was performed, but not the MYO. At a subsequent test time, both MMT and MYO were performed and were used in the data analysis. Occasionally, months lapsed before both the MMT and MYO measurements were performed at the same time. Since the study was aimed at comparing myometric with MMT changes in strength, the varying time intervals did not impact on achieving the purpose of the study. The later MYO and MMT were identified as MY02 and MMT2 respectively, and earlier MYO and MMT were identified as MY01 and MMTl. Increases in strength were calculated in terms of MY02 as percentages of MYOl. To be included as valid data, manual muscle test and myometric values could not fluctuate erratically. They had to either remain constant over two testing intervals or show a steady progression. For example, if a subject had the following successive MMT grades: 3.S, 4.S, 3.S, 4.0, 4.0, the 4.S grade was considered an outlier and the The MMT graded strength improvements over time are categorized into groups A-H, by their earlier evaluated MMT grade. Each group is further divided into groups according to later MMT grades data was assessed as if the two 3.5 scores were successively examined. The MYO and MMT for the 4.5 MMT examination were not included in the analysis.
Myometric compared with MMT changes in strength were analyzed statistically. Successive mea surements of strength were grouped as listed in Table  I . Because one or more of these intervals could occur during a subject's 2 year testing period, each subject may have been used in more than one of the groups. For each interval, the later MYO measurement (MY02) was divided by the earlier (MYOI). The result was multiplied by 100 to obtain a value which expressed the later strength of contraction as a percent of the earlier examination. For example, a subject who had a MMTI grade of 4.0 and remained a four on MMT2, and had a MYOI of 3.9 kg and a MY02 of 6.0 kg the second MYO was 154% of the early examination (or approximately 1.5 times greater than the early examination). When data were exposed as percent change, the geometric mean was the most appropriate measure of central tendency. In order to calculate the geometric mean and coefficients of variation, percent changes were converted to loga rithms. The Student (-test was employed to compare the second with the first myometric measured value. The geometric means and coefficients of variation of the percent changes were reported.
The mean and coefficient of variation of change in MY02 as a percent of MYOI, for initial MMT grades of 3.5, 4.0 and 4.5, were calculated and identified in Figures 1 to 3 respectively. For each subject a MYO was used only once for a given initial MMT grade. Only the earlier test values were used in the calculation ..
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.. Geometric means and coefficients of vanatlOn of MY02 as percents of MY01, and P-values for each group are shown in Table 2 and Figures 1 to 3 . Significant increases in muscle strength, as measured in kg with the myometer, occurred in Groups D & G (Table 2) where the MMT remained unchanged (Table  2 and Figures 1-3) . As an example, the 4.0-No Change Group (D) did not appear to change with the MMT, whereas with myometry, the MY02 increased to 243% of MYO I (ie mean + I coefficient of variation). Significant increases in myometric measurements were also found for half grade changes in the MMT (Groups B, E and H), as well as full grade changes in the MMT (Groups C and F). Figure 4 demonstrates the relationship between myometric measurements and their respective MMT half grades. Myometric measurements, and their coefficients of variations, were greater for each half grade difference in the MMT (Figure 4 ). 
Myometry and MMT Grades

Discussion
The MMT is recommended for assessing strength by the American Spinal Injury Association 13 and has been used for clinical research purposes. 3 -7 The results of the present study, however, suggest that changes in strength may be missed when using the MMT. Studies by Waters et at using MMT for strength assessment, suggests that motor strength recovery plateaus 6 months post-SCI. l6 The findings of the present study demonstrated that changes in strength were detected by a hand held myometer in the absence of changes in the MMT. This suggests that effects of therapeutic interventions, missed by the MMT, might be identified by using a hand held myometer. Previous studies have demonstrated that a hand held myometer is a useful method of strength assessment. 17 2 0 Hand held myometric measurements of strength for various muscle groups have been reported for healthy volunteers 21 and children with muscular dystrophy. ls The values for elbow flexors of healthy male volunteers 21 were considerably stronger than the mean elbow flexor strength of subjects who had a 5.0 MMT in the present study. This may be because there is a broad range of strength that is considered normal (5.0) by manual muscle testing. In spinal cord injured subjects, strength tested as 5.0 by the MMT may mask a relative decrease in strength compared to the pre-spinal cord injured status of a person. A subject may be strong enough to convince a tester that he/she had a 5.0 MMT grade strength when in fact strength was less than normal compared to the pre-SCI status of the muscle. This supports the value of using a hand held myometer to follow individuals with inflammatory myopathies and motor neuron diseases as reported in some studies. 19 , 2 0 Expressing MY02 as a percentage of MYOI may be more easily conceptualized by considering MY02 as a doubling or tripling of MYOI. As an example, for the 3.5 MMT to 4.0 MMT ( Table 2 , Group B) the mean MY02 was 205% of MYOI. For Group B, MY02 was approximately two times or a doubling of MYOI ( Figure I) . Likewise, for 4.0 to 5.0 MMT Table 2 Percent changes in strength identified by interpreting and corresponding change in MMT (Figure 4) . The wide variability in the myometric measurement of strength noted in Figure 4 may have been due to differences in myometric testing between testers, but our high interrater reliability (0.82) argues against this possibility. Gravity serves as a reference for MMT grades of 0 to 3.0, thus making it possible to differentiate objectively between muscle grades. Van der Ploeg and associates reported that only a very small fraction of a muscle functions to give a MMT grade of up to 3.0. 9 The majority of neurons activate muscle fibers to attain a muscle grade from 3.5 to 5.0 MMT. 9 Although this range represents the greatest variability in strength, it is also the MMT range in which even trained personnel may have difficulty identifying changes of strength.
Subjects who had grade 4.0 MMTI and MMT2 had approximately the same myometric strength as subjects who improved one-half grade by the MMT (Table 2 ). This suggests that half-grade manual muscle testing, between grades 4.0 and 5.0 was not helpful in detecting changes in strength, and supports the American Spinal Injury Association's recommenda tion of whole grade muscle grading. \3 However, half grade muscle testing may have clinical value in characterizing differences in strength between arms. Eliminating half grades may either minimize or exaggerate changes in strength as suggested by Figure  4 .
The MYO differed approximately fourfold from a MMT of 3.5 compared to 5.0 (Figure 1 ). This may be of some concern because the American Spinal Injury Association (ASIA) depicts innervation of a muscle by two nerve segments, and states that by convention a muscle with a grade of 3.0 'is considered to have intact innervation by the most rostral of the innervation segments'. 13 This suggests that if muscle strength doubled, then the more caudal of two root segments recovered function. The results identified in Figure 1 reflect a fourfold increase in strength for a MMT grade of 3.5 compared to a MMT grade of 5.0. It is difficult to explain a fourfold increase in strength based on recovery of the more caudal of two root segments, and at the same time consider a muscle with a grade of 3.0 to have 'intact innervation by the most rostral of the innervation segments'. Based on van der Ploeg and associates 21 suggestion that only a very small fraction of muscle contributes to a grade 3.0 and on the results of the present study (Figure 1 ), a grade 3.0 muscle probably has minimal partial rather than complete innervation by the rostral of the two nerve segments. If as suggested by Beasley, 1O a MMT of 5.0 could equal 50% of the strength of a muscle, then an increase in the MMT from 3.5 to 5.0 could reflect full recovery of the rostral root segment rather than any recovery of function of the caudal of the two root segments supplying a muscle. This has implications in interpreting studies that report improvement in root levels after SCI. In summary, the results of the present study suggest that increases in strength, identified by myometric measurement, were masked by manual muscle testing.
